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T h e s i g n i f i c a n c e o f t h e l u m i n o s i t y c u r v e
The relative sensitivity of the eye to different parts of the spectrum is an im portant function both in its bearing on visual theory and on photometric practice. The description of the spectral sensitivity usually takes the form of the ' luminosity curve of the equal-energy spectrum', and it is well known that this curve has two main forms, one corresponding to observations made at high intensities-the photopic curve, figure 1, curve (a)-the other corresponding to low intensity observations, yielding the scotopic curve, figure 1, curve (b) . The scotopic curve is very similar to the absorption curve of visual purple, the photochemical substance that has been extracted from the rods, and it is generally assumed that the photopic curve bears a similar relation to the absorption curve of the photochemical sub stance or substances that are believed to exist in the cones.
The luminosity curve shows the relative brightness of different parts of the spectrum, but whether or not we believe that a meaning can be attached to the phrase ' magnitude of sensation ', such that ratios can be expressed between unequal sensations, there is no agreed quantitative correlation between stimulus and sensation, hence any numerical values given to the brightness of different spectral regions do not refer to the sensations. The proper meaning to be attached to the luminosity values can be understood by considering the basic observation per formed when they are measured. Thus when the relative brightness of two mono-chromatic beams of wave-length At and A2 is to be determined, the beams are arranged to illuminate the two halves of a photometric field and the intensity of one is adjusted until it appears equal in brightness to the other. If, for this equality setting, the energies in the two beams are in the proportion of e1:e2 respectively, then the luminosities are said to be in the inverse ratio, namely, e2:e1. Hence equality in the magnitude of two sensations is the only subjective judgement required in measuring the luminosity curve, and the values themselves merely indicate the inverse of the relative energies necessary to secure this equality.
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F ig ure 1. T he lum inosity curve of th e eye (a) a t high intensities, (6) a t low intensities.
The calculations can be extended to any coloured beams of light beyond those restricted to narrow bands in the spectrum, by applying the law of the addition of luminosities. This law states that if two beams of light which are themselves equal in brightness are added respectively to two other equal beams, then the combined beams will also be equally bright. Thus if a beam of red light, luminosity Lr , were matched against a blue beam, luminosity LB, so that hn = Lb, and if a beam of green light, luminosity L0, were matched against a yellow beam, luminosity LY, so that Lg = LY, then the luminosity of the mixed red and green beams should be equal to that of the blue and yellow beams together, giving i LR + L0 = Lb + Ly.
It should be noted, however, that the left-hand side of the equation now refers neither to red nor to green light but will have some different quality such as yellow, while the right-hand side may refer to a white. The law of addition of luminosities is an experimental law and only holds for observations made either at high bright ness levels where the sensitivity curve of the eye is that given by the photopic luminosity curve or at such low brightnesses that the sensitivity corresponds to the scotopic luminosity curve. At intermediate levels the law breaks down.
When the relative brightness has to be found for two beams which are not monochromatic, it is necessary to sum up the luminosities of the spectral com ponents in each beam, and compare the sums mathematically. If the quality of the beams is defined by the distribution of energy through the spectrum, the energy values will first have to be converted into luminosity values by multiplication with the luminosity factors taken from the equal-energy luminosity curve. The products must then be summated. But again, when the relative brightness has been found, it is not the relative magnitude of the sensations that has been determined but the amount by which the intensity of one beam must be increased or the other decreased in order that the two should appear to be equally bright.
Thus the luminosity curve, in addition to its relation to the absorption curve of the light-sensitive material in the retina, also expresses the relative brightnesses of all coloured objects in the field of view. Its position as one of the most important characteristics of vision hardly calls for emphasis, and so far as the photopic curve is concerned, a great deal of experimental work has been carried out in its deter mination. The same applies, but to a less degree, to the scotopic curve, and the need for further observations might be thought difficult to justify. There are, however, two aspects of the phenomena which appear to have received little attention: very few reliable measurements (Konig 1903; Sloan 1928 , where an excellent and exhaustive account of previous investigations is given ; Weaver 1937) have been made at brightness levels intermediate between the purely photopic and purely scotopic levels, and little is known regarding the spectral sensitivity of different areas of the retina. Without these two additional sets of results it cannot be said that our information is complete, because several questions of physiological interest would remain unanswered. For example: (1) Have the extrafoveal cones the same spectral sensitivity as the foveal cones? (2) How do the rod and cone responses combine when both are stimulated simultaneously? (3) Do the foveal cones show any change in sensitivity with change in brightness level? (4) Over what range of intensities is the scotopic curve virtually unaffected by changes in brightness? (5) Why is the rod curve suppressed at higher intensities? These ques tions are discussed in detail later in this paper, although it would be foolish to suggest that complete answers have been found. What cannot be gainsaid is that they are questions of importance, and that if answers are to be attempted, lumin osity curves at various brightness levels and various retinal areas are required.
Furthermore, there are practical problems in photometry at low intensities that are not only difficult to solve but are difficult even to formulate unless we have a clear understanding of the way in which the eye functions at intermediate levels between the purely photopic and purely scotopic states. These problems cannot be ignored on the assumption that this intermediate range occupies only a narrow and insignificant band in the whole gamut of intensities. On the contrary, as will be apparent from later sections of this paper, the range of intensities over which vision is a compound function of both rods and cones is very extensive, disturbingly extensive from the point of view of photometry.
The experiments reported in this paper were planned to cover this intermediate range of intensities and to test the variation in sensitivity of different retinal areas. The results obtained have been analysed in relation to the problems outlined above, but owing to the length of the investigation, results have only been recorded for the two authors. It is hoped that this paper will represent the first instalment of a general investigation into the colour vision of the retinal area surrounding the fovea.
A p p a r a t u s a n d m e t h o d o f o b s e r v a t i o n The colorimeter developed by Wright (1927 Wright ( , . 1939 was used throughout the investigation. As adapted for luminosity measurements, it acted as a double monochromator in which the two halves of a photometric field, 2° square and divided horizontally, were illuminated by monochromatic pencils of wave-lengths Ax and A2. The brightness of the lower half of the field (Ax) could be adjusted to any desired value by inserting a neutral filter of the appropriate density, while that of the upper half (A2) could be varied continuously by means of a photometer wedge and also in steps by means of neutral filters. The intensity range could be extended still further with the aid of any one of a series of fixed aperture sectors, rotating to intercept both beams at a speed greater than the critical frequency of flicker.
With the arrangement as described, the task of the observer consisted merely in adjusting the intensity of the upper field until it appeared to be equal in bright ness to the lower half under the given conditions of observation. This was repeated for different values of A2 through the spectrum. The two halves of the field in general differed in colour and, as is well known, the matching of the brightness attribute of the two patches under these circumstances is more uncertain than the usual photometric setting between fields of the same colour. As a rule, however, the observations were less difficult than had been anticipated, and at the lower intensities the colour was less obtrusive and correspondingly less disturbing to the accuracy of matching. The alternative to using the direct comparison method was to employ a flicker method, but for the majority of the observations the direct comparison method was preferred because it avoided uncertainty in the inter pretation of results obtained by the flicker method.
For the measurement of the photopic curve itself, however, the following flicker method was employed. The observer's retina had presented to it first A2 and then a white surface; then A2 once more and then again white and so on in rapid alter nation. The white illumination was provided by a rotating sector which inter rupted the A2 beam, the front surface of the sector being coated with a layer of magnesium oxide and illuminated by white light. The white illumination was set to a suitable level, the speed of the sector adjusted to a critical value, and the intensity of the monochromatic beam varied until flicker disappeared. This was repeated for a series of values of A2 through the visible spectrum.
The exit-pupil of the colorimeter consists of a small circular aperture about 1 mm.
in diameter. With this constriction of the rays as they enter the eye, it is very desirable that the observer's head should be fixed relative to the instrument to ensure that the pencils of light pass through the centre of the eye pupil. This was arranged by using the dental impression mouthpiece fixed to the apparatus; the observer then bites on this to locate and fix his head in the required position. When the sensitivity of the extrafovea was being tested, a small red fixation spot was introduced at the appropriate distance from the photometer field. Three retinal areas were tested in all, the fovea, a position 3° to the nasal side of the fovea, .and a position 10° to the temporal side. These distances refer to the separation between the centre of the 2° field and the fixation spot, which was, of course, viewed foveally. For the foveal measurements, the photometer field was itself used as the fixation object. This presented no difficulty at the higher intensities, when the fovea is still the most sensitive part of the retina, but for the lower intensities, the viewing of the patch on the fovea presents very great difficulties owing to its reduced sensitivity relative to the parafovea. The difficulty can be overcome in two or three ways, the method adopted being to select the fixed comparison patch from the red end of the spectrum by making Aj = 0*63 Since the fovea is popu lated very largely, if not entirely, by cones and the rods are insensitive to red light, the fovea remains the most sensitive area of the retina for this wave-length even when its intensity is made very low. Hence the eye naturally rotates to bring the patch on to the fovea and foveal measurements become possible. Even so, they could not be described as easy in those cases when the other half of the field was illuminated by green or blue light, for the latter tended to pull the patch outside the fovea. Great concentration on the part of the observer was necessary to ensure that the observations were made for the fovea, and the employment of the red comparison field served the double purpose of aiding the concentration and acting, through its increased brightness, as a signal that the patch was being observed foveally. Although a 2° field is slightly larger than the fovea, the retinal area covered by the patch can be regarded as effectively free of rods (Polyak 1941) ; the use of a smaller field was not favoured owing to the loss in accuracy of matching that would have resulted.
The brightness of the field of view was calculated from measurements on the illumination of a white screen which, when viewed through the eyepiece end of the colorimeter, matched the 0-63//. comparison field at one of the higher levels at which it was used. When allowance had been made for the size of exit-pupil and for reflexion losses in the eyepiece system, the retinal illumination in photons was derived. Other levels could be calculated from the density of the neutral filters and the opening of the sectors used to give each particular level, but at the lower levels the meaning of the values obtained when expressed in ordinary photometric units is by no means clear owing to the changing luminosity curve. The proper specification of the brightness levels is therefore considered in detail later.
A period of 20 min. dark adaptation was allowed before any observations com menced. The matching field was exposed continuously during the observations, although in practice the field was observed only for short intervals while actually making a match. The readings of the photometer wedge were recorded by the person operating the apparatus, who was also responsible for setting the intensity level, controlling the voltage of the lamp used in the colorimeter and for changing the wave-length of A2. Three matches were made at each wave-length and the mean of the three readings taken. The luminosity curve for only one intensity level was recorded at any one session. It was hoped that the curve for each condition of observation, i.e. intensity level and retinal area, would be measured on three separate occasions to give a mean curve, but while this was possible in many cases for W.D.W., there was insufficient time available for the whole programme to be completed by H.V.W. The observations extended in all over a period of about 12 months.
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Measurement of the energy distribution in the spectrum
For the preliminary energy measurements, a Kipp and Zonen vacuum thermo couple was used in conjunction with a Paschen galvanometer. The light emerging from the exit-pupil of the colorimeter was focused by means of a microscope objective on to the junction of the thermocouple. Elaborate precautions were taken with regard to screening and heat insulation for both thermocouple and galvanometer, but in spite of these the random movements and steady drift of the galvanometer were considerable in comparison with the relatively small galvanometer deflexions that could be obtained. The energy measurements were made for the beam in the lower half of the field since more light could be obtained than in the other beam, and while satisfactory readings were recorded for wave lengths between 0-70 and 0-50//, the results below 0-50/a were less reliable, and for wave-lengths shorter than 0-47/a the values were obtained purely by extrapolation. It was unfortunate that measurements were not possible over the whole of the visible spectrum, although the most important region was covered. Even in those parts of the spectrum that were not properly measured, the comparison of the luminosity curves for different brightness levels and retinal areas is still of significance.
The energy distribution curve as obtained direct from the galvanometer deflexions applied, as stated above, to the lower field. In the visual observations, the illumina tion of this field was kept constantly at the wave-length of 0-63/a, while the wave length of the light in the upper field was varied. The energy measurements had therefore to be transferred to the upper field, a question only of making a series of visual matches between corresponding wave-lengths in the two spectra and noting the readings on the photometer wedge. From the energy values and the calibration curve of the wedge, the wedge readings for uniform energy distribution through the spectrum were calculated. (Actually corrections had also to be applied to allow for the small departures from neutrality of the photometer wedge and, when neutral filters were interposed in the upper beam, of the filters used. These Vol. 131. B.
corrections were obtained from subsidiary calibrations on the colorimeter.) From the energy measurements just described, the wedge readings for constant energy were found; from the luminosity matches themselves, the wedge readings for constant brightness were recorded. The ratio of the intensities corresponding to the two readings then yields the relative luminosity of different wave-lengths through the spectrum.
No allowance has been made in the results for the fact that the mid-wave-length of the light transmitted by the exit-pupil is not identical with the average wave length when each elementary wave-length is weighted by its energy and luminosity. The band of wave-lengths transmitted by the exit-pupil varies from about 00020//, in the blue to 0-0060/i in the red, but as the difference between the arithmetic mean and the weighted mean would only amount to a very few angstroms, the error, relative to other observational errors, is insignificant and has been neglected. The only point to be settled before giving the experimental results is the question of defining the intensity levels of the 0-63/i comparison patch. In ordinary photo metric problems, the brightness of a field can be expressed in the usual units of candles per unit area or, if the interest in the problem is primarily visual, the retinal illumination in photons can be given. In the present experiments, photo metric units have little or no meaning at the lower intensity levels. As already mentioned, the brightness of the red field was measured at a high intensity level and the result could have been expressed in terms of photons; they would have been red photons, but they would have been equal to the same number of green photons or photons of any other colour, and the value would have had a definite meaning. If, now, the intensity were reduced to yjroth or xwoth of its previous value, the new retinal illumination might be calculated by reducing the number of photons by the same factor, but if the corresponding reduction were made in the hypothetical green or white photons, the three could no longer be equal in brightness although represented by the same numerical values. Hence we must either arbitrarily choose a colour in which to develop a scale of photons, for example, a scale based on a given white illumination, or else adopt some other method of specifying the brightness of the comparison field. Even if we established a scale of white photons, the problem would only have been partially solved, since the intensity of any other colour would have to be found by matching against the white, and the result of the match would vary according to the area of the retina on which the match was made. Hence while a white scale may be necessary and adequate for purposes of illuminating engineering, its meaning is not sufficiently precise to use here as a reference scale. For these reasons, it was decided that, to avoid all possible ambiguity, the intensity of the fixed comparison field of wave length 0-63 f ishould be specified in terms of energy values, that is, in terms o number of ergs falling on unit area of the retina per sec. Direct measurement of the energy in absolute units was hardly feasible and was in any case unnecessary, since the brightness of the field under photopic conditions had been measured and the luminous efficiency of radiant energy is known (650 lumens per watt at a wave length of 0-555/4; Wensel 1939) . From these values and from the luminosity of 0-63/4 relative to 0-555/4, it was a straightforward matter to transform from photons to ergs. The transformation for 0-63/4 radiation gives 1 photon as equi valent to 2-6 x 10-5 erg per sec. radiated in each square degree of the visual field. The energy might have been defined per unit area of the retina, but an angular measure of the field of view is equally valid and more directly related to the usual visual problems. The incident energy for the other intensity levels at which ob servations were made was then calculated directly from the transmission factors of the filters and sectors used to control the intensity. It should be recorded that the observations were made using a circular artificial pupil in front of the eye, the area of the pupil being 1-24 sq.mm.; it seems unlikely, however, that the measure ments would be materially affected if the pupil had been larger provided the in tensity of the light were reduced to keep the energy falling on the retina unchanged, except that, with a much larger pupil, the Stiles-Crawford effect (Stiles & Crawford 1933) would have to be taken into account in relating the intensity and pupil area to maintain constant effective energy.
(cl) Foveal luminosity curves. At very low intensities approaching the foveal threshold, both observers on occasion obtained curves showing two maxima, one at a wave-length of about 0-60/4 and the other at about 0-54/4. They have not been incorporated in the published results because they could not be recorded with consistency; subsequent investigation may show them to have been artefacts due to poor fixation or to the extension of the photometric field beyond the rod-free area of the retina. It would be unwise to give them a prominence which they did not merit, although, if confirmed, they would prove of considerable interest, especially in view of Granit's recent work (1941 a) on the spectral sensitivity of individual receptors.
The remaining curves for the fovea are illustrated in figures 2 and 3. Of the three curves given for H.V.W., the two lower intensity curves were obtained by direct comparison between the two halves of the field, while the highest intensity was his photopic curve as measured by flicker. The five curves given in figure 3 are for W.D.W., the curves for the four lowest intensities being recorded by direct comparison, the fifth and highest intensity by flicker. The curves have been numbered according to the intensity of the comparison field (wave-length 0-63/4) against which they were matched; the energy values to which these numbers correspond can be found by reference to table 1.
(6) 3° luminosity curves. Figures 4 and 5 give the series of curves obtained by H.V.W. and W.D.W. respectively when the centre of the 2° field was located at a position 3° to the nasal side of the fovea. The curves are again numbered to corre spond to the intensities given in table 1, and it will be seen that six curves are given for H.V.W. and seven for W.D.W. In addition, the foveal photopic curve is shown wra v e -le n g th F ig u r e 5. L um inosity curves for retin al area 3° from fovea (W .D.W .). Foveal photopic curve shown dotted. The reference num bers indicate th e intensities a t w hich th e curves wrere m easured, as given in tab le 1.
T abl e 1. I n t e n s it y le v e l s at w hich lu m in o sit y CURVES HAVE BEEN MEASURED e n e rg y d e n s i ty e n e rg y d e n s ity e n e rg y d e n s ity for comparison. The three lowest intensity curves for W.D.W. showed little systematic difference for wave-lengths shorter than 0-56/t, consequently the average of the three has been shown over this region. At the red end of the spec trum, the curves deviated to a significant extent and have therefore been drawn separately.
(c) 10° luminosity curves. Figures 6 and 7 give the series of curves obtained by H.V.W. and W.D.W. respectively when the centre of the 2° field was located at a position 10° to the temporal side of the fovea. Four curves were recorded by H.V.W. and six by W.D.W., but in neither case,could the curves for the highest intensity levels be extended below a wave-length of 0-48/z, owing to the limited amount of light available at the blue end of the spectrum.
Accuracy. The accuracy varied over a wide range according to the type of experiment and also in a subsidiary fashion on the observer's ability to con centrate, so that only the broad outlines of the accuracy which may be claimed can be defined.
Since the wave-length of the comparison field was 0-63// the matches were most consistent at the red end of the spectrum and least in the green and blue, and although the foveal observations might be expected to be more reliable than those made at 3° and 10°, this was only true for the higher intensities. At low intensities, fixation difficulties increased the errors of the foveal matches and as a rule the 10° curves were those most easily reproduced. At 3°, while the eye was still sen sitive to comparatively small differences in intensity, the rapidly changing sen sitivity of the retina with distance from the fovea led to relatively large errors when wandering of fixation occurred. On the whole, the results obtained by W.D.W. are more reliable than those by H.V.W., partly because the results were less scattered and were reproduced more consistently, and partly because more time was available for repeat observations by W.D.W. Generally, an accuracy of the order of ± 10 % can be assumed, with an additional uncertainty at wave lengths shorter than 0-47 f i ,because the energy values were ob polation.
Although the observer was dark-adapted before commencing the observations, the photometer field itself produces a local adaptation effect on the retina which will be greater the higher the intensity of the field. The quality of the adaptation will depend on the colour of the field, a red patch depressing the red sensitivity the most and so on. The effect is difficult to avoid or allow for, but it can be reasonably assumed that at low intensities the adaptation is unimportant, and at no time during the matching was the field fixated for any lengthy period. Strictly, any recorded match can only be said to hold for the particular sensitivity of the retina at the time at which the match was made. Guild (1932) has main tained that because of the adaptation processes, the ordinary manipulations of luminosity equations are not legitimate; that if, for example, a green and blue patch were each in turn made equal to a red patch, it would not be correct to assume that the green and blue patches would match when compared side by side, since the conditions of observation would have changed. There can be no doubt that this is a fundamentally correct outlook, and if we do not adopt it in the fol lowing discussion, it is not through ignorance or disagreement, but because, in the absence of evidence to the contrary, we do not believe the magnitude of the discrepancy is sufficiently great to warrant so restricted an application of our experimental results.
D i s c u s s i o n o f t h e r e s u l t s
(a) Fovea. Although the changes in the spectral sensitivity of the fovea with reduction in intensity are small, they are systematic and significant. The tendency is for the red ordinates to decrease and the blue to increase with decreasing in tensity of the matching field, the position of maximum sensitivity shifting about 0-02/4 towards the shorter wave-lengths. Further, a definite hump is recorded on the red side of the curve, a hump that was also found by Sloan (1928) .
The absence of any major shift of the curves is an expected consequence of the absence of rods from the fovea. The small shift towards the blue may be due to the small number of rods that may exist within a 2° area around the fovea or within the area covered by the inevitable wanderings from true foveal fixation. Whether or not this is the correct explanation, it is hardly likely that a com bination of rod and cone sensitivity could produce a compound curve with a hump at about 0-60/4. It is more probable that the red receptors of the Young-Helmholtz theory tend to maintain their sensitivity over a greater intensity range than do the green and blue receptors, a suggestion that has been explored by Forbes (1929) on the basis of Sloan's measurements.
(6) Area 3° from fovea.In this area the change from the photopic to the sc curve is fully developed. With decreasing intensity the maximum has shifted from 0-56 to 0-51/4, but the position of the maximum is not necessarily the most striking or significant feature of the sensitivity curve. The general meaning of the change in the luminosity curve, e.g. the relative darkening of red colours, is too well known to need emphasis here, and only special features need be noted. One important point is that, for both observers, the red and orange luminosity values in the low in tensity curves continue to diminish by important amounts even though the green and blue values show little or no change. There is no indication that the red l u m i n o s i t y values have reached a steady level, and if observations could have been continued at still lower intensities, the relative luminosity of the red would have continued to diminish. The deduction must therefore be drawn that, from about 0-60/j and upwards, the sensitivity as recorded must correspond very largely to cone sensitivity; for although the rods may be completely insensitive in the red, a match will always be possible if enough light is admitted for the cones to respond.
Another aspect of the results is that the sensitivity is no longer affected by absorp tion of light in the yellow macular pigment. When the highest intensity curve is compared with the foveal photopic curve, a big difference on the blue side is apparent. In the case of H.V.W., this difference is only in part due to absorption by the yellow pigment; some of the difference arises because the intensity was not sufficiently high to give the true cone response, as shown by the quite large differ ence still outstanding on the red side. But in the case of W.D.W., the highest intensity 3° curve approaches quite closely to the foveal photopic curve on the red side, yet differs considerably on the blue side. At 0-50/q for instance, it would appear that the macular pigment absorbs about 50 % of the incident light.
In so far as the subjective impressions of the observations are of interest, it should be mentioned that the matching field for the lowest intensity curve appeared very faint indeed, although no measurements were taken to determine its magni tude in relation to the absolute threshold. For the three or four lowest intensity curves, little sensation of colour was aroused by the blue and green wave-lengths, but the redness of the longer wave-lengths could always be recognized. For the highest intensity curves, the colours throughout the spectrum were easily visible and the field was sufficiently bright to give the impression that the cones alone would be involved. The curves themselves show that this was not the case and that the Pur kin je phenomenon undoubtedly persists at higher intensities than the authors had expected. These remarks apply equally to the 10° curves.
Reference to the energy values in table 1 suggests that the main change-over from scotopic to photopic vision occupied a comparatively narrow range of intensities. This is deceptive, however, and is due to the fact that the energy values refer to the red comparison field. Owing to the changing luminosity curve, a 10 to 1 reduction in red intensity is equivalent to a much greater reduction of green light or white light. The red intensity scale is therefore more condensed than a corresponding green or white scale and allowance must be made for this fact.
(c) Area 10° from fovea. The results for this area are of a character generally similar to those of the 3° area. A large shift of the luminosity curve towards the blue with decreasing intensity is revealed and the red sensitivity at 0-60/4 and beyond continues to change after the blue and green parts of the curve have become practically stable, more especially for W.D.W. The highest intensity curves show a higher sensitivity in the blue than the foveal photopic curve owing in part to the absence of the yellow macular pigment. But for neither observer does the intensity appear to have reached a sufficiently high value for it to be likely that the pure cone luminosity curve has been recorded in this area. It would therefore be unwise to conclude that the extrafoveal cones possess a different spectral sensitivity from the foveal cones, although it is surprising that a closer approach was not reached between the two curves at the intensities that were used, since the highest intensity level (level no. 15 in table 1) is equivalent to 173 photons by foveal observation.
(d) Scotopic luminosity curve. The sensitivity curve for the rods alone is of both theoretical and practical interest, and an attempt has been made to derive an average curve from the lowest intensity curves reported here. The 10° curves for H.Y.W. were not included as they were only recorded once, and their shape could not be guaranteed. A mean curve has been calculated from the lowest intensity curves in each of figures 4, 5 and 7 and from a low-intensity curve recorded by H.V.W. in the early stages of the investigation before a fixation spot had been provided. From the blue end of the spectrum up to 0-56/a, the curves were all sufficiently similar to justify the assumption that they were all measures of the same function, namely, the rod sensitivity curve. An arithmetic mean of the curves up to 0-56 /a was therefore calculated. But beyond 0-56/a, as has been mentioned above, there is strong evidence to suggest that as recorded they include an im portant fraction of the cone response, and a mean in this region is unlikely to give the closest possible approach to the pure scotopic curve. As the number of rods are known to increase relative to the number of cones with increasing distance from the fovea, it is likely that the 10° curves are more nearly scotopic than the 3° curves. The results themselves support this to the extent that the ordinates from 0-58/a onwards of the lowest intensity curve in figure 7 are noticeably smaller than the corresponding values in figure 5 . It was concluded that in this region of the spectrum the closest approach to the scotopic curve is accordingly given by the lowest intensity curve in figure 7, and Sloan (1928) and Weaver (1937) , are shown in figure 9 . There is generally good agreement between the four curves, the most marked divergence, more noticeable if the luminosity values are plotted logarithmically as in figure 10 , occurring in the red, as might be expected in view of the difficulty in eliminating all cone response. The authors' curve is rather low at 0-44 and 0-46/4 compared to the other measurements, and this is probably due to the uncertainty in the energy distribution determination which, as reported earlier, was obtained by extrapola tion below 0-47/4. It is, however, worth noting that the spread of the four curves in the blue end of the spectrum is surprisingly small compared with the enormous spread reported in investigations of the photopic curve (see, for example, Coblentz & Emerson 1918) . The latter must presumably be caused by differences in density of the macular pigment from one observer to another, but even allowing for this, is extremely large.
The question arises as to the range of intensities for which the scotopic curve can be said to represent the luminosity curve of the eye. If the whole of the visible spectrum is included, then on the basis of the present results it appears that there is no range of any extent over which the scotopic luminosity curve is constant. In one sense, however, this is an incomplete statement of the facts. Thus, if we considered a light source with some fixed energy distribution-for convenience we might assume an equal-energy spectrum-and imagined the intensity to be gradually increased from below the visual threshold, then for some considerable range after the source became visible the response from the red end of the spec trum would remain subliminal, or at least contribute insignificantly to the total response. The luminosity ordinates in this region can then be ignored, and for the remainder of the spectrum the luminosity curve does appear to remain reasonably constant up to the intensity level 6 of table 1. (e) Relation between the rod and cone processes. The change in visual response from the scotopic to the photopic function with increase in intensity of the stimulus cannot be explained on a simple hypothesis of the rod process responding at low intensities and the cones at high. It seems to be generally agreed that the initial reaction in the retina for both rods and cones is photochemical, and if Lambert's law holds as in ordinary photochemical reactions the fraction of light absorbed will be independent of the intensity of the incident light. When a beam of very low intensity strikes the retina only the rod process will react, because of the admitted low sensitivity of the cones and the existence of a finite threshold of stimulation; at higher intensities the cone threshold will be passed and both rods and cones will be responding simultaneously. The overall spectral sensitivity curve will then be some composite curve built up from the rod and cone components. Suppose now the intensity is increased still further; Lambert's law implies that the absorbed light will be increased by the same factor for both processes, but experiment shows that even if this is so, the rod and cone responses do not combine in some fixed proportion to yield a stable composite spectral sensitivity curve; the luminosity curve changes continuously until it passes from the scotopic to the photopic state. Since the foveal cones show little tendency to develop a rod-like spectral sensi tivity curve at low intensities, there appears to be no reason to suppose that the cone photochemical substance can transform itself into the rod substance after some extended period in the dark. Indeed, the very different functions and per formance of the rods and cones provide strong support for the conception of two distinct processes, in the two kinds of receptor. Moreover, other evidence, quite apart from the spectral sensitivity curves, indicates that the cones are out of action at low intensities and the rods are inoperative at high intensities. Thus the light sensitivity of the retina is a maximum at the fovea at high intensities and falls off steadily towards the periphery, a result that can be reasonably explained on the known reduction in the number of cones with increasing distance from the fovea if we assume that the rods are inactive. Whether a close quantitative corre lation could be established between the light sensitivity and the number of cones per unit area is by no means certain, but if the rods were acting, then there would be no reason to expect any falling off in sensitivity towards the periphery, but rather the reverse. On the other hand, at low intensities the position of maximum sensitivity occurs some 10° or so from the fovea and the overall variation in sensi tivity across the retina is very much less than before, if the fovea, which is almost completely insensitive, is not included. This is in fair, although not exact, agree ment with the distribution of the light receptors, if we assume that the cones do not function at low intensities.
We can conclude with some confidence that the rods and cones are actually different kinds of receptor and that the sensitivity within the overlapping range of intensities has to be explained in terms of their individual sensitivities acting together, and not in terms of a photochemical substance in a state of transition from rod to cone substance. The change from cone to rod sensitivity and vice versa may in part at least be connected with summation and facilitation effects by which, at low intensities and over small areas, the responses from weak stimuli tend to converge together to produce a resultant response which is greater than the sum of its parts. There is ample evidence (Polyak 1941) to show that the cones, through their more frequent association with midget bipolar and ganglion cells, initiate responses which are less subject to summation than the rods, since the latter are in contact with the polysynaptic bipolar and ganglion cells. As the degree of sum mation that occurs is known to increase with decreasing intensity, then it follows that the rod response will diminish at a slower rate relative to the cone response as the intensity of the light stimulus is reduced. There need be no surprise, there fore, to find that the rod response tends to overtake the cone response at low in tensities, but in the absence of more specific information about the processes of facilitation and inhibition at the synapses, it is impossible to decide whether such action alone would account for the steady progression from the photopic to the scotopic luminosity curve, or whether some further inhibitory effect, blocking of the nerve paths or some other intermediate reaction, may be involved (Granit & Svaetichin 1939; Lythgoe 1940; Granit 19416) .
In any event, the constant brightness luminosity curves which we have recorded cannot be composite luminosity curves built up from the summed rod and cone curves taken in some given proportion. When a test stimulus from the red end of the spectrum is used and matched against the fixed comparison field, the response is derived mainly from the cones; when the stimulus is changed to, say, the green, the response may be a mixture of rod and cone impulses in roughly equal propor tions, while with a blue stimulus the response will be primarily from the rods. Hence it is not possible to define the relative magnitude of the rod and cone com ponents in a combined response merely from a knowledge of the brightness of the stimulus, since the ratio will vary with the wave-length of the stimulus. As nothing is known about the interaction between the rod and cone responses, it would therefore appear that there are at the moment too many unknown factors present to enable any deductions to be drawn from figures 4-7 as to the rate at which the rod response increases relative to the cone response with decreasing intensity.
Two general comments on the results may be made from a qualitative inspection of the curves. The first is that there does not appear to be any one intensity level at which the response switches over suddenly from being mainly cone response to mainly rod response, in contrast to other visual functions, such as dark adaptation, flicker, intensity discrimination, etc., in which sudden breaks have sometimes been recorded and which are generally interpreted as the transition point between the rod and cone processes (Hecht 1937) . The second point is that although the curves for the 10° position have approached the foveal photopic luminosity curve and at still higher intensities would very probably reach it, yet the fact remains that at the quite high intensities that were used there still appears to be a considerable rod element in the combined response. It may therefore be that the activity of the rods persists to higher intensity levels than is generally imagined; the only other explanation would be that the peripheral cones have a somewhat different spectral sensitivity from the foveal cones.
(/) Application of the results to photometric . In the opening section of this paper, reference was made to the problem of comparing the brightness of two beams of light which radiate over an extended range of the spectrum. The general procedure is to multiply the energy at each wave-length in the two beams by the appropriate luminosity factor and compare the sums of the products within the limits of the visible spectrum. This method is only legitimate provided the com parison is made under conditions for which the luminosity curve is stable, i.e. unaffected by change of intensity, yet it may happen in practice that the relative brightness of two beams may be required when the brightness is within the Purkinje range. For example, if red and green diffuse reflecting surfaces were illumin-ated by beams of white light, then at a certain brightness level the amount of light on the red surface might have to be k times greater than the amount of light on the green surface for the two to look equally bright. If the level of illumination is low, k will be a function both of the spectral quality of the light reflected from the two surfaces and of the brightness level at which the comparison is made. If we were dealing with monochromatic beams, the problem of finding k could be solved directly by reference to figures 4-7. The question now arises whether the results can be applied to beams that are not monochromatic.
From the discussion in the previous section, it is quite certain that we cannot employ one of the intermediate luminosity curves appropriate to the brightness level concerned, and apply the luminosity factors as if we were dealing with photopic calculations. That would merely ignore any possible interaction between rod and cone processes. Yet considering that the curves in figures 4-7 contain an extensive record of the changing sensitivity of the retina, it would be rather remarkable if at least an approximate solution to the problem, adequate for engineering purposes, could not be derived.
In an attempt to find such a solution, it has been assumed that the observing conditions are such that the results recorded for the 3° position would apply; accordingly, the curves in figure 5 have been replotted to give the curves shown in figure 11 . Each of these curves refers to a single wave-length A and shows the energy, plotted logarithmically, required at that wave-length to give a brightness match with a beam of wave-length 053// for various energy values of 053//. 0-53// has been chosen as the reference wave-length, since it is roughly midway between the maxima of the photopic and scotopic curves and therefore the least susceptible of any radiation to a distortion of its intensity scale due to the Purkinje effect.
The curve in figure 11 for 0-53// itself is, of course, a straight line inclined at 45° to the axis. When the luminosity curve is constant, e.g. in the photopic range of intensities, the curves for all other wave-lengths will also be straight lines, parallel to the 0-53// curve and above or below it according as the wave-length is less or more luminous than 0-53//. Thus at the higher energy values in figure 11, all the curves approach a slope of 45°, the curve for 0-56 being slightly below that for 0-53 / / , while those for 0*48, 0-50, 0-60, 0-63 and 0-70// are above the 053// curve. At intensities sufficiently low for rods alone to be involved, we should again expect the curves to be straight and inclined at 45°, and while this result is actually obtained with wave-lengths up to 056//, the curves for 0-60, 0-63 and 0*70 // continue to diverge from the curve for 0*53//. This provides a convincing demon stration that the ratio of the luminosities of these wave-lengths does not tend to a constant value and proves that cone processes are still involved. Intermediately between the high and low energy values, all the curves depart from parallelism to the 0-53// curve and in some cases may cross it.
To understand how figure 11 might be used to solve the practical problem of the relative illuminations required on red and green surfaces to produce equality of brightness at some given energy level, consider the curves for 0-53 and 0*63 /6. At an energy level of 6-0 log units (see figure 11) , the ordinate for the 0-63/6 curve is higher than the 0-53 /6curve by about 0*55 log units, that is to say, 3-5 times the energy is required in the 0-63/6 beam for it to be as bright as the 0-53/6 beam. At an energy level of, say, 3-0 log units, the difference in ordinates has increased to 1*52 log units, so that the energy ratio for equal brightness has increased to 33*1. The energy required in the 0-63/6 beam has therefore increased relatively by a factor of 9-3. If we could assume that the red and green surfaces behaved exactly as the 0-63/6 and 0-53/6 radiations, the problem would be solved. Either from direct observation or from a knowledge of their spectral reflexion characteristics, the H. V. W alters and W. D. W right relative illumination required for equality of brightness under photopic conditions could be found; the increase in this ratio with decreasing illumination could then be deduced by analogy with the monochromatic red and green beams. In practice, the pair of spectral colours and the pair of coloured surfaces will not behave identically. The more saturated the colours of the surfaces, the more closely will they follow the curves for the monochromatic beams. With desaturated colours and purples, the correlation with the behaviour of spectral colours will be less direct, although at the same time the effect of the Purkinje shift will be less m a r k e d .
The degree of approximation that could be tolerated in the solution of any particular problem can only be decided by the nature of the problem, but figure 11 is likely to be of most use as an indication of the general trend and magnitude of the changes in relative brightness that occur between different colours. If in any given practical problem, coloured surfaces were required which changed in brightness in a particular manner or, alternatively, which avoided such changes, then figure 11 could be used as a guide to the selection of the appropriate colours. When any pair of surfaces had been selected, it would be no very difficult matter to make direct measurements on them at various illuminations to obtain the exact curve showing the change in their relative brightness. While the solution of such problems may not present great difficulty when the area of the surfaces involved is fairly large, some rather awkward questions arise when the areas are small or when point sources are involved. Uncertainty is im mediately introduced as to the area of the retina that is being used, and there is a consequent uncertainty in the luminosity curves that apply. As the illumination is lowered, each area of the retina changes from photopic to scotopic sensitivity, but further than that, the relative sensitivity of different retinal areas also changes, especially that of the fovea relative to the parafovea. At what level vision changes from foveal to parafoveal vision, whether the transition is sudden or gradual, whether, with small sources, the fovea is used for one colour and the parafovea for another, and how the change can be taken into account in the solution of practical photometric problems, are questions that we make no attempt to answer. To raise fresh problems, however, is no new event in research work and is welcome evidence that the subject is a live one and worthy of further study.
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